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ABSTRACT
Understanding the morphology of the acetabulum is necessary for preoperative evaluation in
hip surgery. The purpose of this study was to (1) establish a novel method for measuring three-
dimensional (3D) acetabular orientation, (2) quantify the reliability of this method, and (3)
describe relevant characteristics of three-dimensional (3D) acetabular orientation among normal
Asian subjects. Computed tomography (CT) scans of the pelvis that had been performed for sus-
pected non-musculoskeletal conditions were obtained from 200 subjects (60 males, 140
females). A novel method was developed to measure 3D acetabular orientation with a semi-
automatically determined pelvic coordinate system based on the anterior pelvic plane (APP). To
quantify the robustness of our method, we analyzed the results obtained from 20 patients at
different times and with different raters and pelvic poses in the same CT volume. To determine
morphological differences of the acetabulum by age and sex, we analyzed the parameters of
200 CT volumes. Each intraclass correlation coefficient (ICC) values for intra- and inter-observer
reliability were over 0.975 and 0.945, demonstrating high reliability. Furthermore, agreement
between the angles determined from the original volume and the rotated volume was nearly
perfect (ICCs> 0.956). Multiple linear regression analysis with age and sex as covariates indicated
that acetabular inclination was not significantly associated with age (p¼ 0.687) or sex (p¼ 0.09).
There was also no evidence that acetabular anteversion was associated with age (p¼ 0.383) or
sex (p¼ 0.53). Our method showed excellent reliability for determining acetabular orientation, as
it is robust, fast, and easily applicable to larger populations. In addition, the results of the
analysis of acetabular orientation by age and sex can be used as a reference in various
diagnostic procedures in orthopedics.
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Introduction
The orientation of the acetabular component in total
hip arthroplasty (THA) is generally described by its
inclination and anteversion angles. Understanding
native acetabular orientation is crucial in orthopedic
procedures, including THA, periacetabular osteotomies,
differential diagnosis of hip osteoarthritis, and correc-
tion of femoroacetabular impingement [1–3]. Thus,
many efforts have been made to accurately determine
the inclination and anteversion of acetabular
orientation.
Several studies have assessed methods for measur-
ing acetabular orientation [4–6]. These methods can
be divided into two main approaches: manual and
automatic. Zhang et al. manually identified anatomical
landmarks to determine the pelvic reference plane
and the rim plane. However, their method led to
inconsistencies because the anterior superior iliac
spine (ASIS) and pubic tubercles are ambiguous ana-
tomical structures that are difficult to represent with
specific points. Lubovsky et al. used a manual method
that did not include a process to remove the region
of the acetabular notch. Since the manual method can
be tedious, time consuming, and inaccurate if not
performed by a well-trained user, an alternative to
the manual method, the automatic method, has been
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proposed. Higgins et al. selected the most lateral distal
points in the captured region as the rim points. Their
method is simple to apply, but it is time consuming,
requiring 30–45min to analyze a single subject, and it
involves an additional step for removal of the femoral
head. These problems might make it difficult to obtain
accurate acetabular orientation in large data sets.
Therefore, fast, robust, and accurate software to
automatically measure the angles is required. In
addition, relevant characteristics of 3D acetabular
orientation among normal patients could be evaluated
with the software.
We developed software that automatically calcu-
lates acetabular orientation by a novel algorithm after
regions of interest (ROIs) have been manually defined
in 3D models extracted from the CT volume. We
aimed to reduce user-interaction and time costs while
ensuring robustness.
Therefore, the purpose of this study was to (1)
present our developed software for measuring
acetabular orientation from a 3D pelvic CT, (2)
quantify the reliability of this method, and (3) describe
relevant characteristics of 3D acetabular orientation
among normal Asian subjects.
Materials and methods
Materials
The institutional review board of our institution
approved this study.
Two hundred pelvic CT series of non-pathological
conditions from 200 patients (60 males; 140 females)
were obtained. CT images were acquired with a
16-row-multiple detector CT (MDCT) scanner
(Somatom Sensation 16, Siemens Medical Solutions,
Erlangen, Germany) or a 64-row-MDCT scanner
(Brilliance 64-channel, Philips, Netherland) using a
standard protocol with settings of 120 kVp, 170 mAs,
and collimation of 16 0.75mm. Transaxial CT images
were transferred to a workstation. On most of the CT
images, the femoral heads were roughly spherical,
and the boundaries were clearly distinct. In addition,
we used clean images without artifacts from implants
or vasculature. Dust particles in the images were
removed by preprocessing with a Gaussian filter.
The average age of the 200 patients was 62.3 years
(range: 17–93 years). The patients had neither
apparent hip pathology nor a history of previous hip
joint surgery. Image files standardized to the Digital
Imaging and Communications in Medicine (DICOM)
system for each patient were used for further analysis.
Details of software implementation
We developed software using Microsoft Visual Studio
2012 to manage DICOM files and implement our
algorithm. The Visualization Toolkit (VTK) library [7]
was used for data visualization. The semi-automated
algorithm that included two phases was implemented
to calculate acetabular orientation.
In the first phase, we used an iterative method to
determine the pelvic coordinate system according to
the method of Lee et al. [8] (Figure 1). This method is
useful for measuring the anterior pelvic plane (APP), as
it has favorable intra-observer reliability (ICCs =1), and
the results from this method are similar to those deter-
mined by an experienced surgeon (ICCs 0.937). The
APP was defined as the tangential plane of the pelvis
determined by four pelvic landmarks: the right and left
anterior superior iliac spines and the right and left
pubic tubercles. Four ROI boxes for each landmark
were defined manually by the user in 3-D space. After
that, the landmarks were determined by an iterative
compensation algorithm of the pelvic pose. The algo-
rithm proceeded by decreasing the difference in angle
between the estimated APP of the current iteration
and that of the previous iteration. The iteration was
stopped when the angle was less than one degree
(<1). Each landmark from the last iteration was the
Figure 1. Three-dimensional pelvic coordinate system. The
most ventral points were automatically located on the anterior
superior iliac spine and pubic tubercles bilaterally (red points)
and were used to establish the three-dimensional pelvic
reference frame. The anterior pelvic plane, or coronal plane
(red plane), consisted of the anterior superior iliac spine and
the pubic tubercle points bilaterally. The sagittal plane (green
plane) contained the line (dashed line) connecting the two
midpoints of the bilateral anatomical landmarks and was
normal to the APP. The axial plane (blue plane) was normal to
both coronal and sagittal planes.
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most ventral point with respect to the patient and was
defined as the true landmark, and the APP was
estimated using the least square method [9]. The sagit-
tal plane was generated by the line connecting the
two midpoints of the bilateral anatomical landmarks
and the normal vector of the APP. The axial plane was
perpendicular to both coronal and sagittal planes.
In the second phase, the acetabular rim points,
excluding the acetabular notch region, were automat-
ically extracted to represent the acetabular rim plane
(Figure 2). This algorithm consisted of six steps. Step 1:
Specify the boxes for the regions of interest (ROIs): two
ROI boxes for each femoral head were defined by the
user. Two regions for one femoral head were specified
in the axial slice and the coronal slice, and the over-
lapped area in 3D was determined as one ROI box. The
ROIs were specified separately for each femoral head.
Step 2: Evaluate a best-fit sphere for the femoral head:
a difference of Gaussian (DoG), which is an image-
processing technique to reduce problems from image
contrast diversity, was performed for preprocessing
[10]. The DoG was an edge-enhance algorithm that
involved subtraction of one blurred image of an
original image from another, less blurred image of the
original. The DoG technique may not always work well
for CT images of a femoral head with severe abnormal-
ity. After that, the centers and radii of circles, which
described the femoral head in each axial slice, were
calculated by a Standard Hough Transform (SHT) [11].
A second SHT was then performed to compute the
best-fit sphere. Using the estimated sphere, the center
coordinates and radius of the best-fit sphere were fit-
ted by the circles in every slice. Step 3: Reconstruct the
image slices using the radial scan and extract candi-
dates for the rim points: the pixels on a single radial
scan line, which were located in the range of two times
the radii from the center of the circle in each slice,
were aligned to the corresponding column in a new
image (Figure 2), as if unrolling the slice. For example,
pixels on the -180 scan line were allocated to the first
column in the new image. All pixel intensities were
adjusted by 3D tri-linear interpolation. Then, the candi-
dates for the acetabular rim points were extracted in
each reconstructed image slice by the corner detection
algorithm [12]. Step 4: Generate the pseudo rim plane
and the acetabular coordinate system: the pseudo rim
plane was generated with the candidates for the
acetabular rim points and helped in computing the
Figure 2. An algorithm for determining the acetabular rim plane, which consisted of six steps. Step 1: Specifying the ROI for each
femoral head (Red box). Step 2: Identifying a best-fit sphere (blue) using planar circles (red) detected by SHT. Step 3:
Reconstructing each slice using the scan line. The yellow points detected by the corner detection algorithm were candidates for
the acetabular rim points. Step 4: Generating the pseudo plane and acetabular coordinate system. The blue points were selected
by a RANSAC algorithm; the red points were determined as outliers. The pseudo plane (dashed line) was determined by blue
points, and the plane (solid line) was obtained by moving the pseudo plane 1 cm in the direction of -ZA. Step 5: Determining the
true acetabular rim points. The true rim point was defined by a virtual ray. The direction of the virtual ray was adjusted by
changing the azimuth (h) and angle (u). The first-hit voxels were defined as the true rim points. Step 6: The plane fitting the
acetabular rim points (yellow) determined the true acetabular rim plane (white).
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true acetabular rim plane. The pseudo rim plane was
obtained using least squares after removing outliers
from the candidates for the acetabular rim points with
random sample consensus (RANSAC) [13]. After the
pseudo rim plane was generated, the acetabular coord-
inate system was defined. The center of the coordinate
system was the average point of the identified point
set. In the acetabular coordinate system, the z-axis (ZA)
was a normal vector of the pseudo rim plane, and the
x-axis (XA) was the line connecting the center point
and an intersection point, which was between the
z-axis of the CT volume (ZCT ) and the pseudo rim
plane. Naturally, the y-axis (YA) was the cross product
of XA and ZA. The pseudo plane and acetabular coord-
inate system were then moved 1 cm in the direction of
the ZA axis for the next step. Step 5: Determine the
true acetabular rim points: The first-hit voxels along
the virtual ray were defined as the true acetabular rim
points. As illustrated in Figure 2, the direction of the
virtual ray was adjusted by changing the azimuth (h)
and angle (u) (0<u< 90, 0< h< 360). The azimuth (h)
was the angle around the X–Y plane of the acetabular
coordinate system (pseudo plane), and the angle (u)
was the elevation from the pseudo plane. To avoid the
acetabular notch region, these points were excluded.
The acetabular notch region was discriminated by the
azimuth (h), which was determined empirically by an
orthopedic surgeon. The approximate azimuth corre-
sponding to the acetabular notch region was excluded,
with an angular range of 0–60. In most cases, this
range should discriminate the acetabular notch region
well, but in some cases, the notch region may be
selected. To address this problem, we included an
option to delete the points manually corresponding to
the acetabular notch in the 3D view. Step 6: Define the
true acetabular rim plane: the plane fitting the acetab-
ular rim points was defined as the true acetabular rim
plane by the least squares method.
The inclination was defined as the angle between
the acetabular rim plane and the axial plane of the
pelvic coordinate, and anteversion was defined as the
angle between the coronal plane and the line that
was the normal vector of the acetabular rim plane
projected on to the axial plane.
Statistical analysis
Time cost efficiency analysis
To evaluate time cost efficiency, we measured the
duration of the two phases – the determination of
the pelvic coordinate system and acetabular rim plane.
We measured the computation time for each phase,
including manual operation. The elapsed time was
computed on a Windows 7 laptop PC equipped with a
core i7 3.5GHz quad core processor with 16GB of RAM.
Reliability analysis
Statistical analysis was performed using the CT scans
of 20 patients without pathology or a history of
surgery in the hip joint. To assess the agreement of
our method between trials held at different times, we
used our method to calculate the angles from these
20 patients on two occasions at least 4 weeks apart.
Each trial was performed independently by the same
surgeon. Two data sets (inclination and anteversion)
were compared between the trials by calculating the
intraclass correlation coefficient (ICC). An ICC value
close to 1 indicates excellent agreement when com-
paring two results. In contrast, an ICC value close to 0
indicates poor agreement [14].
To evaluate inter-observer repeatability, two raters
measured acetabular orientation using our algorithm.
Each trial was performed independently, and two sets
of data (inclination and anteversion) were compared
by the ICC.
To evaluate the robustness of our method in rela-
tion to patient posture, two result sets were extracted.
One was from the original CT volume, and the other
was from a CT volume rotated on an arbitrary axis by
an angle between 15 and 30. The ICC values for the
two angle sets from each volume were calculated to
determine the extent of agreement. We used SPSS
software (version 21.0, IBM Inc., Chicago, IL, USA) to
calculate the ICCs, using the equation found in [15].
Population data
To understand the morphological difference of the
acetabulum by age and sex, we retrospectively
reviewed 200 pelvic CT series (400 hips) of Asian
patients evaluated for non-orthopedic pathology. The
group consisted of 140 women and 60 men, aged
between 17 and 91 years. Multiple linear regression
analysis was performed to separately investigate the
associations of age and sex with acetabular inclination
and anteversion. The difference between the angles of
the bilateral acetabulum was also examined.
Results
Time-cost efficiency analysis
The elapsed time was 89.04 ± 23.79 s (range, 61.11–
141.25 s) for phase 1 and 128.88 ± 9.19 s (115.91–
148.92 s) for phase 2. The elapsed time for the overall
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algorithm was 217.80 ± 28.08 s (180.92–279.94 s)
(Table 1). The standard deviation was larger in phase 1
than phase 2. The reason for the large standard
deviation in phase 1 is that patient posture was
heavily distorted on some CT images, and addressing
this issue was time consuming in the iterative process.
Reliability analysis
The ICC values for two trials conducted at least 4
weeks apart are presented in Table 2. The results of
our method showed excellent consistency with the
times of the trial (0.975–0.988) and different raters
(0.945–0.976). The agreement in parameter estimates
between the original volume and the arbitrarily
rotated volume was almost perfect (0.956–0.975).
These high ICC values can be attributed to the
removal of the major sources of human error arising
from manual point selection.
Population data
Table 3 summarizes the inclination and anteversion
angles of the 200 patients according to age and sex.
The mean inclination was 50.03 ± 4.22, and the
mean anteversion was 15.84 ± 4.02. Ninety percent
of patients had acetabular inclination between 40
and 56; the 90% central range for acetabular antever-
sion was estimated to be 9–22.
Multiple linear regression analysis with age and sex
as covariates indicated that acetabular inclination was
not significantly associated with age (p¼ 0.687) or sex
(p¼ 0.09). There was also no evidence that acetabular
anteversion was associated with age (p¼ 0.383) or sex
(p¼ 0.53). Figures 3 and 4 show the relationships of
the inclination and anteversion angles with age and
sex, with separate estimated regression lines for males
and females superimposed over each plot. Bilateral
differences in anatomic anteversion were evenly
distributed around a mean of 0.05 (maximum, 14)
(Figure 5(a)). Bilateral differences in anatomic
inclination were also evenly distributed around a
mean of 0.5 (maximum, 7) (Figure 5(b)). However,
wide variation in acetabular orientation was observed
among subjects. For example, acetabular inclination
ranged from 36.6 to 61.9 in males and from 39.4 to
61.7 in females. Anteversion ranged from 4.3 to
23.2 in males and from 6.1 to 24.4 in females.
Discussion
We developed software to easily and robustly assess
the 3D orientation of the acetabulum. The software
was integrated with segmentation, anatomical land-
mark identification, coordinate system establishment,
and automatic acetabular orientation measurement,
which made the processes faster than conventional
methods. It only took about 4min, including manual
specification, to obtain output for a single subject
(Table 1). Thus, the software can be efficiently used in
a larger population. In addition, we did not use com-
mercial software, so our method was cost efficient.
Intra-observer reliability as measured by the ICC val-
ues from two trials conducted at least 4 weeks apart
indicated that the results of our method did not differ
much between trials (ICC >0.975). The agreement
between the results of two raters was slightly lower
than the ICC values for intra-observer reliability but
was still favorable (ICC >0.945). During extraction of
the acetabular rim points in Step 3, selection of the
corner points can vary according to ROI specification,
and this may affect later steps, such that the ICC val-
ues are not 1. Our method was also robust to changes
in pelvic position (ICC >0.964). A change in voxel
intensities derived from interpolation in the rotation
process could affect the pelvic bone model, providing
another explanation for why we did not obtain perfect
agreement (Table 2).
Using this methodology, we measured acetabular
orientation to understand acetabular morphology
from 200 CT pelvic scans (400 hips) without apparent
hip pathology. Our results indicated that acetabular
orientation (inclination, anteversion) might not be
associated with age or sex (p> 0.05). These results dif-
fer from those of a previous study [16]. Stem et al.
reviewed 200 CT images and found that acetabular
inclination was associated with age (p¼ 0.01) but not
with sex (p¼ 0.2), and that acetabular anteversion was
associated with both sex (p¼ 0.01) and age (p¼ 0.02).
However, they selected rim points in a 2D slice, so
the results were susceptible to osteophytes and may
have been influenced by the direction of the CT
slice. Compared with the results reported by Higgins
et al. [6], acetabular anteversion and inclination
were smaller in our subjects (Table 3). Higgins et al.
reported that the average inclination was 56.3, and
Table 1. Elapsed time of the algorithm for two phase
including manual operation (n¼ 20).
Measure Phase 1† Phase 2‡ Overall process
Mean (sec) 89.04 128.88 217.80
SD* (sec) 23.79 9.19 28.08
Range (sec) 61–141 116–149 181–280
Standard deviation.
†Pelvic coordinate system determination.
‡Acetabular rim plane determination.
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the average anteversion was 23.2. Bilateral differences
in acetabular anteversion and inclination were evenly
distributed around a mean of 0.05 and 0.5,
respectively.
Understanding the orientation of the acetabulum is
important in many orthopedic procedures, including
periacetabular osteotomies and the planning,
execution, and evaluation of total hip arthroplasties.
Inclination and anteversion angles have long been
recognized as the two main parameters that define
the geometry of the acetabulum. However, inclination
and anteversion angles cannot be reliably evaluated
on plain radiographs because pelvic tilt can change
the measured angles of the native acetabulum and
the prosthetic acetabular cup by as much as 10
[17,18]. To overcome these problems, many studies
have used 3D anatomical structures for CT volume
[19–21]. In general, the angles in 3D are defined by
the normal vector of the acetabular rim plane relative
to the pelvic coordinate system.
Few studies have investigated methods for deter-
mining the pelvic reference plane. Kobashi et al. [22]
proposed a method to determine the APP based on
anatomical points. With their method, an algorithm
using ROIs specified by a quadrant in the CT volume
calculates each anatomical point. Although their
method applies a calibration algorithm for CT poses
using silhouette images, finding two landmarks in nar-
row structures, such as the pubic tubercle, is difficult.
In some cases, one of two pubic tubercle points might
not be extracted appropriately. A second method that
involves manually selecting anatomical landmarks for
the APP can lead to inconsistencies because the ASIS
and pubic tubercles are ambiguous anatomical struc-
tures that are difficult to represent with specific points.
Furthermore, manual selection of landmark points on
CT images is tedious, time consuming, and error-prone
[23]. A third method uses the sacral base (SB) plane. A
crucial step when using this method is segmentation
of the SB; however, finding certain boundaries of the
SB on CT slices is difficult [21]. A specific segmentation
Table 2. ICC values for calculation of the angles on two separate occasions (n¼ 20).
Measure Left inclination Left anteversion Right inclination Right anteversion
Trial 1 vs. Trial 2* 0.975 0.988 0.985 0.976
Rater 1 vs. Rater 2† 0.945 0.976 0.954 0.964
Original volume vs. Rotated volume‡ 0.960 0.967 0.975 0.956
Intra-observer reliability. The values for each method were calculated for two trials at least 4 weeks apart.
†Inter-observer reliability. The values for each method were calculated for two raters.
‡The rotation angle range on the arbitrary axis was 15–30 .
Values are ICC scores with 95% confidence intervals (Cronbach alpha values of 0.90–1.00 are considered almost perfect).
Table 3. Acetabular inclination and anteversion by age and
gender (n¼ 200).
Group
# of
patients
Inclination angle Anteversion angle
Mean SD Range Mean SD Range
Age
<70 years
Males 34 50.64 4.43 37–62 16.07 3.79 4–23
Females 60 50.11 4.09 39–60 15.48 3.89 9–23
Age
70 years
Males 26 51.04 3.96 40–59 16.16 4.28 6–24
Females 80 50.02 4.43 40–62 16.05 4.23 4–23
All patients 200 50.03 4.22 37–62 15.84 4.02 4–24
SD¼ standard deviation.
Figure 3. Acetabular inclination by age and sex. Regression
analysis indicated no evidence of an association.
Figure 4. Acetabular anteversion by age and sex. Regression
analysis indicated no evidence of an association.
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method has not been proposed for this method [20];
therefore, we could not evaluate its efficacy. In the
current study, we used an iterative method to robustly
determine the pelvic coordinate system [8]. This
method is useful for measuring the APP as it is robust,
and the results were similar to those determined by
an experienced surgeon.
Other computational techniques have been devel-
oped to determine the acetabular rim. Jozwiak et al.
[20] proposed a manual method to determine the rim
points, but manual selection can be inaccurate if not
performed by a well-trained user. The method in
Lubovsky et al. [23] did not include a process to
remove the region of the acetabular notch, which
might lead to inaccurate results. Higgins et al. [6]
selected the most lateral distal points in the captured
region as the rim points. Their method is simple to
apply, but additional software is needed to complete
manual segmentation, which is a time-consuming
process. To reduce these problems, we developed an
algorithm to automatically extract the acetabular rim
plane. For reference, some studies have described the
normal acetabulum as a nearly perfect hemisphere,
with the centers of the acetabulum and femoral head
in almost the same location [24]. Therefore, our
approach modeling the femoral head as a sphere
is reasonable.
Murray et al. [1] described a nomogram showing
the relationship between anatomical, radiographic,
and operative measurements of cup inclination and
anteversion. We used the anatomical definition, which
they report can accurately describe the orientation
of the normal and dysplastic acetabulum. The
measurement using this definition is consistent with
the application of our study in that it could be used
for dysplastic diagnostic procedures.
Our study had several limitations. First, a method
that involves user-selected ROIs can be tedious.
Overcoming this limitation will require an automated
method for specifying each region. This remains
challenging, however, because the landmarks do not
provide clues that allow the region in the CT volume
to be identified by image processing. Second, we
analyzed a relatively small population, which included
fewer male subjects (n¼ 60) than females (n¼ 140).
Third, this study was conducted in a population of
Asians. Further study is needed to assess whether
our method is affected by ethnic differences. Fourth,
our software has not been commercialized, so the
reported technique cannot yet be used in the
wider community.
As part of our future work, we plan to apply our
method to subjects with implants. An accuracy test of
our method using cadavers or phantoms would also
be useful. Zhang et al.[4] compared the differences
between standardized models based on predeter-
mined parameters and computationally measured 3D
acetabular orientation. However, the standardized
model is a virtual model that assumes the acetabular
rim is a hemi-sphere, quite different from the true
shape of the acetabular rim. Thus, we cannot ensure
accuracy using their model.
In conclusion, our method showed excellent
reliability for determining acetabular orientation, as
it is robust, fast, and easily applicable to larger
populations. In addition, the results of the analysis of
acetabular orientation by age and sex can be used
as a reference in various diagnostic procedures in
orthopedics.
Figure 5. Frequency and magnitude of intra-patient bilateral differences (left minus right). Relative symmetry was shown for
(a) anatomic anteversion and (b) anatomic inclination.
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